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X-ray cavities and temperature jumps in the environment of the
strong cool core cluster Abell 2390
S. S. Sonkamble1, N. D. Vagshette1,2, P. K. Pawar1,
M.K.Patil1*
Abstract We present results based on the systematic anal-
ysis of high resolution 95 ks Chandra observations of the
strong cool core cluster Abell 2390 at the redshift of z =
0.228 that hosts an energetic radio AGN. This analysis has
enabled us to investigate five X-ray deficient cavities in the
atmosphere of Abell 2390 within central 30′′. Presence of
these cavities have been confirmed through a variety of im-
age processing techniques like, the surface brightness pro-
files, unsharp masked image, as well as 2D elliptical model
subtracted residual map. Temperature profile as well as 2D
temperature map revealed structures in the distribution of
ICM, in the sense that ICM in the NW direction is cooler
than that on the SE direction. Temperature jump in all di-
rections is evident near 25′′ (90.5 kpc) corresponding to the
average Mach number 1.44±0.05, while another jump from
7.47 keV to 9.10 keV at 68′′ (246 kpc) in the north-west
direction, corresponding to Mach number 1.22±0.06 and
these jumps are associated with the cold fronts. Tricolour
map as well as hardness ratio map detects cool gas clumps
in the central 30 kpc region of temperature 4.45+0.16
−0.10 keV.
The entropy profile derived from the X-ray analysis is found
to fall systematically inward in a power-law fashion and ex-
hibits a floor near 12.20±2.54 keV cm2 in the central re-
gion. This flattening of the entropy profile in the core region
confirms the intermittent heating at the centre by AGN. The
diffuse radio emission map at 1.4 GHz using VLA L-band
data exhibits highly asymmetric morphology with an edge
in the north-west direction coinciding with the X-ray edge
seen in the unsharp mask image. The mechanical power in-
jected by the AGN in the form of X-ray cavities is found to
be 5.94×1045 erg s−1 and is roughly an order of magnitude
higher than the energy lost by the ICM in the form of X-ray
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emission, confirming that AGN feedback is capable enough
to quench the cooling flow in this cluster.
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1 Introduction
Superb resolution achieved by the Chandra X-ray Ob-
servatory has enabled us to investigate the thermodynam-
ical and chemodynamical properties of the X-ray emitting
intracluster medium (ICM) at greater details, including the
detection of fluctuations in the surface brightness distribu-
tion of the ICM. As a result, majority of the studies in the
last two decades were focused on the exploration and under-
standing of the energetic feedback from super-massive black
hole (SMBH) residing at the core of the largest gravitation-
ally bound systems like groups and clusters of galaxies (see
review by Fabian 2012). AGNs are believed to be powered
by the binding energy released by the accretion of matter
onto the SMBH. Now it is widely accepted that the ener-
getic feedback from the AGN plays a significant role in the
evolution of galaxies as well as the ICM, however, the form
in which this energy is released is not yet fully understood.
The commonly observed signatures of the AGN inter-
actions with the ICM are the bubbles or cavities in the
X-ray surface brightness distribution (Dong et al. 2010;
Randall et al. 2011; David et al. 2009; Rafferty et al. 2006;
Pandge et al. 2012, 2013). In addition, sharp discontinu-
ities or edges in the surface brightness associated with the
shocks and cold fronts have also been observed in few of the
clusters (e.g., Abell 1795, RXJ1720.1+2638, Abell 2142,
Abell 754, Abell 3667, Abell 2204). These bubbles are of-
ten found in association with the cooling flow or the “cool
core” clusters and are filled with radio emission originating
from the central AGN. Some of the spectacular examples of
2the cool core clusters with radio bubbles are the Perseus
cluster (Fabian et al. 2003, 2006), M87 (Forman et al.
2005), Hydra A (Nulsen et al. 2005), MS0735.6+7421
McNamara et al. 2005, Abell 3581 Canning et al. 2013,
HCG 62 Gitti et al. 2010, and Abell 2052 (Blanton et al.
2001, 2009, 2011).
Combined observations of the ICM in the radio and X-ray
bands have provided us with several incidences of common
appearance of cavities, shocks and ripples, confirming the
widespread impact of the AGN feedback from the central
SMBH (e.g. Bıˆrzan et al. 2004, 2008; Blanton et al. 2001;
David et al. 2009; Giacintucci et al. 2011). In the AGN
feedback scenario, the radio source associated with the cen-
tral cD galaxy drives strong jet outflows which interact with
the hot ICM and inflate lobes of radio-synchrotron emission.
As a consequence, the gas gets displaced and results in the
formation of buoyantly rising bubbles. Cavities or bubbles
are nothing but the depressions in the X-ray surface bright-
ness consisting of low density relativistic plasma, that float
upward in the cooling flow atmosphere until they reach equi-
librium at some large radius where the ambient entropy is
equal to that within the bubble (Rafferty et al. 2006).
The jet-blown cavities in the X-ray atmosphere of the
clusters can act as calorimeter and hence provide a di-
rect probe to estimate the energy input by the AGN jet
in the form of mechanical feedback. Systematic studies
employing deep observations with high resolution Chan-
dra X-ray telescope have demonstrated that AGN can in-
ject upto about 1058-1062 erg per outburst into the ICM (see
McNamara & Nulsen 2007, for review). This amount of
mechanical energy injected by the AGN feedback is suffi-
cient to heat as well as quench the cooling of the ICM on
the cluster scales (Bıˆrzan et al. 2004; Rafferty et al. 2006),
and whose balance can be checked by comparing it with the
energy lost by the ICM in the form of X-ray emission. To
better understand the interactions between the AGN feed-
back and the surrounding ICM; and to confirm the balance
between mechanical power fed by the AGN versus that lost
by the ICM through the radiative loss, it is important to ex-
plore X-ray bright systems with apparent signatures of such
interactions. Abell 2390, as it hosts a powerful radio source
at its core, is a potential candidate to investigate such a bal-
ance between the AGN feedback and radiative loss by the
ICM.
In this paper we present 95 ks Chandra observations of
the cool core cluster Abell 2390 (ObsID 4193). This is a
moderately rich cluster hosting about 216 members at a red-
shift of z = 0.228 (Abraham et al. 1996; Yee et al. 1996).
Its central dominant galaxy, PGC 140982, hosts a strong
and complex radio source (B2151+174, Augusto et al. 2006
and Egami et al. 2006). Deep optical broadband images of
the central dominant galaxy PGC 140982 exhibit a wealth
of structures including a significant amount of dust and
molecular gas surrounding the cD galaxy (Pipino et al.
2009, Bardeau et al. 2007) and appears very luminous in
the Hα and IR bands (Rawle et al. 2012). The star for-
mation rate estimated in the core of this cluster using the
Hα flux is found to be 15 M⊙/yr (Haines et al. 2012). ICM
in Abell 2390 exhibit a strong peak in the X-ray surface
brightness profile (Allen et al. 2001) and also exhibit sev-
eral other substructures such as X-ray cavities and breaks
in the X-ray surface brightness profile (Allen et al. 2001,
Vikhlinin et al. 2005). The central cooling time of the
ICM in this cluster is tcool=1.9 Gyr with rcool = 60.91 kpc
(Hlavacek-Larrondo et al. 2011).
This paper is organized as follows: Section 2 describes
the data sets used for the present study and its reduction
procedure, Sections 3 and 4 discuss the imaging and spec-
tral analysis of the data set, Section 5 discussion of our re-
sults, while Section 6 summarizes results from this study.
Throughout this paper we assume the ΛCDM cosmology
with H0 = 71 km s−1 Mpc−1, ΩM = 0.27, and ΩΛ = 0.73.
At the redshift of Abell 2390 (z = 0.228) this cosmology
corresponds to a scale of 1′′= 3.62 kpc and the luminosity
distance of the cluster ∼ 1125 Mpc (Table 1). All the errors
reported in this paper are at 68% confidence level (i.e. 1σ)
unless otherwise stated.
2 Observations and data preparation
Abell 2390 was observed with the Chandra Advanced CCD
Imaging Spectrometer (ACIS-S) three times during Novem-
ber 1999 and September 2003 with effective exposure times
of 10 ks (ObsID 500), 10 ks (ObsID 501) and 95 ks (Ob-
sId 4193). ObsIDs 500 and 501 were performed in the
FAINT mode and were badly affected by the background
flares. Therefore, we acquired level 1 event file correspond-
ing to the ObsID 4193 and reprocessed it using the latest
version of the CIAO software (CIAO v 4.2) and calibration
files CALDB 4.5.5.1 provided by the Chandra X-ray Cen-
ter. Charge transfer inefficiency (CTI) and time-dependent
gain corrections were applied wherever applicable. Periods
of high background flares were identified and filtered out us-
ing the 3σ clipping of the full-chip light curve using the task
lc clean within CIAO. This resulted in the net exposure time
of 88.63 ks.
As diffuse X-ray emission from Abell 2390 fills the im-
age field of view, therefore standard CALDB blank sky
background frames were preferred for the background cor-
rection. The appropriate blank-sky background frames were
processed in a similar way as that of the event file, repro-
jected to the corresponding sky position and were normal-
ized to match the count rate in the 9 - 12 keV energy band
in the observed data set. The background subtracted sci-
ence frame was then divided by the exposure map generated
3using the mkexpmap so as to account for the exposure varia-
tion of the data. Point sources present in the CCD field were
detected using the wavelet detection tool wavdetect within
CIAO with a detection threshold of 10−6 and were inspected
visually before excluding from the subsequent analysis. A
cleaned, background subtracted 0.3 - 7 keVChandra image
of Abell 2390 is shown in Figure 2 (left panel). This figure
has been smoothed with a 3σ wide Gaussian.
3 X-ray Imaging Analysis
3.1 Surface Brightness Profiles
In order to investigate 2D distribution of the ICM in Abell
2390, we computed surface brightness profile of the ex-
tended emission from Abell 2390 by extracting 0.5-3.0 keV
X-ray photons from a series of concentric elliptical annuli
centred on the X-ray peak of the cluster emission using the
task dmextract within CIAO. The centre, ellipticity and po-
sition angle of Abell 2390 were determined by fitting a two-
dimensional Lorentzian surface (Wise et al. 2004). The
centroid of Abell 2390 was found at RA=21:53:36.82 and
DEC=+17:41:43.00, while average ellipticity and position
angle of the ellipses were found to be 0.36+0.0042
−0.0042 and 38◦,
respectively. The resulting background subtracted surface
brightness profile is shown in Figure 1 (left panel). Assum-
ing that the X-ray emitting hot gas and galaxies in the cluster
are in hydrostatic equilibrium and galaxies exhibit isother-
mal distribution described by the King model (see review
by Gitti et al. 2012), we fit this surface brightness profile
with a single β-model given by
Σ(r) = Σ0
[
1 +
(
r
rc
)2]−3β+0.5
where Σ0, Σ(r), rc and β represent the central X-ray sur-
face brightness, surface brightness at projected distance r,
core radius and slope parameter, respectively. The fitting
was performed using the SHERPA model beta1d in conjunc-
tion with the χ2 statistics of the Gehrels’ variance and is
shown in Figure 1 (left panel). Like in other cooling flow
Table 1 Global Parameters of Abell 2390
RA& DEC (J2000) 21:53:36.8; +17:41:44.00
Mag (BT ) 17.6
Distance (Mpc) 1125
Ang. Distance (Mpc) 746
Redshift (z) 0.228
Radial Velocity (km s−1) 68353
Morphology Medium Compact (Zw)
Cluster Diameter 20′
clusters, X-ray emission from Abell 2390 also exhibit the
central excess with respect to the 1D β-model and provides
a strong evidence for the association of a cool core with this
cluster. The βmodel is widely used in literature to inves-
tigate 2D distribution of ICM which yields the core radius
and the slope of the surface brightness decrement. However,
this 1d beta model resulted in a poor fit particularly in the
central region. The resultant best fit parameters of the 1D
β-model are: rc = 60′′.10 (∼ 217 kpc) and β = 0.82 and are
in 1σ agreement with those obtained by Hicks et al. (2006).
To account for the excess emission from the cool core
of Abell 2390 we added another β-component to it. The
resultant model is called as double-β model or two β-model
and takes the form :
Σ(r) = Σ01
[
1 +
(
r
rc1
)2]−3β1+0.5
+Σ02
[
1 +
(
r
rc2
)2]−3β2+0.5
where the new surface brightness, core radius and slope-
parameter are represented by Σ01, rc1, and β1, respectively.
Conventionally, the core radius of the central X-ray emis-
sion is presented by rc1, while the overall X-ray emission of
the cluster is presented by rc2. Addition of this second β-
component provided a better description for the X-ray emis-
sion from this cluster over the entire region with the best
fit values β2 = 0.74, rc2 = 19′′.04 (∼ 68.92 kpc) and a
steep component with slope parameter β1= 10 to constrain
the cusp part in the surface brightness distribution of Abell
2390. All fitting parameters given in Table 2.
To highlight fluctuations in the X-ray surface brightness
distribution due to the presence of X-ray cavities and other
features, we computed surface brightness profiles of the
background-subtracted X-ray image of Abell 2390 by ex-
tracting 0.5−3.0 keV counts from the four different sectors
as marked in Figure 3. Here, N-sector covers region of 20◦
- 130◦, E-sector covers 130◦ - 190◦, S-sector covers 190◦ -
290◦, while the W-sector covers 290◦ - 20◦, all angles mea-
sured in counter-clockwise direction. The resulting surface
brightness profiles along with the best fit double β-model
are shown in Figure 1 (right panel). Dips in the surface
brightness distributions at the locations of the X-ray cavi-
ties are clearly apparent in contrast to the best fitted double
β-model. The deficit in the X-ray emission evident at ∼
10′′ in the surface brightness profile along the W-sector hint
towards the presence of cavities. The large depression ap-
parent between 25 and 75′′ along the E Sector point towards
the bigger deficit region along this direction.
3.2 X-ray Cavity Detection
Though the presence of X-ray cavities and other features in
Abell 2390 have been reported (Vikhlinin et al. 2005, 2006;
Russell et al. 2013), detailed analysis of the X-ray cavities
using the latest 95 ks Chandra data were not available in
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Fig. 1 (left panel): Elliptical 0.5−3 keV surface brightness profile of the X-ray emission from Abell 2390. The open circles represent the
data points, while the continuous red line represent the fit obtained from a single β-model. The observed profile is not constrained properly
by the single β-model, particularly in the central region. Therefore, a double β-model (dashed magenta line) was fitted to the data points.
( right panel): Surface brightness profiles of the X-ray emission extracted from 4 different sectors as marked in Figure 3; N-sector (covers
20◦ - 130◦), E-sector (130◦ - 190◦), S-sector (190◦ - 290◦), and W-sector (290◦ - 20◦). For better presentation, these profiles are offset
vertically by arbitrary values. Note the significant deviations in the regions corresponding to the X-ray cavities as well as excess emission.
Table 2 Double beta model fit
rc1 (arcsec) β1
∑
01
(Arbitrary Unit) rc2 (arcsec) β2
∑
02
(Arbitrary Unit)
524.84 10 4.42 19.04 0.74 57.86
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Fig. 2 (left panel): 0.3-7 keV Chandra X-ray image of Abell 2390 in units of counts/pixel. This image has been smoothed with a 3 pixel
(1.′′5) Gaussian kernel and reveals asymmetric and elongated nature of the diffuse X-ray emitting gas. Red arrows near the centre shows
region of temperature jump. An edge in the surface brightness has also been noticed in the north-western direction and is highlighted in
the zoomed version of the figure (right panel).
Fig. 3 0.5−3 keV Chandra unsharp-masked image of Abell 2390 in units of counts sec−1 produced after subtracting a 12σ wide
Gaussian smoothed image from that smoothed with the 2σ Gaussian. This figure confirms five X-ray deficient cavity regions (marked by
white ellipses) in the surface brightness distribution in addition to the central excess emission. We also show the four different sectors N
(20◦-130◦), E (130◦-190◦), S (190◦-290◦), and W (290◦-20◦), all angles measured in anti-clockwise manner, used for deriving the surface
brightness profiles as well as temperature and metallicity profiles. The intensity representation in this figure has been reversed with respect
to Figure 2 i.e., the darker shades in this figure represent the low surface brightness.
6the literature. Therefore, in this paper we present systematic
analysis of the latest dataset. Figure 2 (left panel) clearly re-
veals asymmetric distribution of the X-ray emission with an
elongation along the north-west (NW) to the south-east (SE)
direction and also hints towards the presence of a pair of X-
ray cavities, one each on the north-east (NE) and the south-
west (SW) direction of the X-ray peak. We investigate these
structures in further details by employing a variety of im-
age processing techniques such as, unsharp-masking, resid-
ual maps, IRAF1 ellipse fitting as well as by deriving the
surface brightness profiles of the diffuse X-ray emission in
different regions.
To identify the depressions in the Chandra X-ray image,
we created unsharp-masked image of Abell 2390 in the 0.5-
3 keV energy range by subtracting a strongly smoothed im-
age (σ =12 pixels) from that smoothed lightly (σ =2 pixels)
and is shown in Figure 3. This figure reveals two prominent
X-ray depressions (cavities) one each on the north-east and
the other on south-west of the X-ray peak of the cluster cen-
tre. In addition to this, this figure also reveals three more
relatively fainter X-ray cavities. These cavities in the un-
sharp masked image are highlighted by ellipses.
To better visualize the structures in the surface brightness
distribution in two dimensions, we created residual map of
Abell 2390 by subtracting the simulated smooth elliptical 2d
β model from the cluster emission generated fitting a two-
component 2d β model to the surface brightness distribution
of X-ray emitting gas. The resultant residual map is shown
in Figure 4 (left panel), which reveals the structures apparent
in the unsharp masked image. However, as this 2d β model
assumes spherical symmetry as well as hydrostatic equilib-
rium of the of the gas, therefore the results at smaller radii do
not match perfectly with those seen in the unsharp masked
image. Particularly, the morphologies of the X-ray cavities
in the two images are not identical. However, the actual dis-
tribution of the X-ray emitting gas exhibits a very complex
structure and vary strongly as a function of position angle.
As a result the output image do not represent the true dis-
tribution of the gas and hence the morphological difference
between the residual map and the unsharp masking image.
The excess X-ray emission (bright shades) in the central re-
gion as were seen in the unsharp mask image are also appar-
ent in this figure. We also checked morphology as well as
presence of the cavities and other features by subtracting el-
liptical model by fitting ellipses to the iso-intensity contours
in the cleaned X-ray image using the task ellipse available
within IRAF. While fitting the ellipses, centre coordinates
were fixed at the location of the BCG, whereas the eccen-
tricity and position angle were allowed to vary. Resultant
elliptical model subtracted residual map is shown in Figure 4
(right panel).
1http://iraf.noao.edu/
To compare the extent of the X-ray emission from Abell
2390 with its optical counterpart, we overlay the 0.3-7 keV
X-ray iso-intensity contours on the HST I band (F814W)
image (Figure 5). This figure clearly reveals the asymmetric
and elongated nature of the X-ray emission with its centre
coinciding with the cD galaxy PGC 140982, whose optical
centre lies within 0.′′5 of the X-ray centre of Abell 2390.
3.3 X-ray Surface Brightness Edge
The Chandra raw image in the energy 0.3-7 keV, smoothed
with 3 pixel Gaussian kernal shown in Figure 2, revealed X-
ray surface brightness (SB) edge at ∼68 arcsec on NW di-
rection of the X-ray centre of Abell 2390 (highlighted by red
arrows). The zoomed in view of the surface brightness edge
is shown in Figure 2 (right panel). This SB edge appears
like ∼110 kpc long X-ray arc. Deeper X-ray observations of
this cluster are called for to explore this SB edge in further
detail. This X-ray surface brightness edge is found to co-
incide with the complex edge in the radio diffuse emission
map obtained using 1.4 GHz VLA calibrated images avail-
able in the archive of NRAO 2.
3.4 Substructures in the central region
0.5-3 keV Chandra blank-sky background subtracted expo-
sure corrected image created for the central 1′ (∼ 217 kpc)
region reveals clumpy or knot-like complex substructures
(Figure 6 left panel) similar to that reported earlier in sev-
eral other systems, e.g. Centaurus A (Sanders et al. 2001),
Abell 1991 (Sharma et al. 2004; Pandge et al. 2013), 2A0335+096
(Mazzotta et al. 2003). These clumpy sub-structures are
comprised of several finer knot-like structures on arcsecond
scales and are connected to one another.
To examine structure of these clumpy regions we pro-
duced a tri-colour map of the central region of Abell 2390.
For this, we filtered the Chandra image in three different en-
ergy bands namely, the soft (0.5-1 keV, shown in red colour),
the medium (1-2 keV, shown in green) and the hard band (2-
10 keV, shown in blue) and were then combined after proper
scaling. The adaptively smoothed tri-colour map of the cen-
tral 1 arcmin (∼ 217 kpc ) of Abell 2390 is shown in Figure 6
(right panel), which illustrates the clump-like structures in
the medium band. This figure reveals that the central sub-
structures are due to the relatively warmer components com-
pared to its surrounding.
4 Spectral Analysis
To examine spectral properties of hot gas in the regions of
enhanced and suppressed X-ray emission, we extracted X-
2https://archive.nrao.edu/archive/
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Fig. 4 (left panel): 2-d elliptical β-model subtracted 0.5-3 keV residual image of Abell 2390. This image has been smoothed with
a 2′′ Gaussian kernel. This figure confirms the presence of X-ray cavities apparent in the unsharp-masked image of Abell 2390. The
locations of X-ray cavities are highlighted by white ellipses. In addition to the central excess emission, an excess X-ray emission is also
evident on the north-west direction, while deficiency in emission is apparent in cavity positions. (right panel): ellipse fitted, 0.5-8 keV
Chandra residual image using IRAF task ellipse and further smoothed with 3′′Gaussian.
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Fig. 5 To examine extent of the X-ray diffuse emission from the cluster we overlay the 0.3-7 keV iso-intensity contours on the HST
F813W band image of Abell 2390. Cluster diffuse emission is asymmetric and elongated along the north-western to the south-eastern
direction. The X-ray peak lies within 0.5 arcsec of the optical centre of the cD galaxy PGC 140982.
8Fig. 6 (left panel): 0.5-3 keV exposure corrected background subtracted 3σ smoothed Chandra image of the central 1′region of Abell
2390. This figure clearly revels different clumpy knot-like features. Spectra representative from each of the clump marked in the figure
have been extracted separately for investigating their thermodynamical properties. (right panel): RGB tri-colour image of the central 1
arcmin of Abell 2390 derived after combining X-ray photons in three different energy bins, namely, soft (0.3 - 1 keV, shown in red colour),
medium (1 - 2 keV, shown in green), and hard band (2 - 10 keV, shown in blue). Apparent positions of the clumps are marked by black
circles.
ray spectra from each of the region of interest separately us-
ing the CIAO script specextract. For each extraction,
background spectra were obtained from the same region in
the “blank-sky” and were normalized equating the 9-12 keV
count rates of the observed and background data. Weighted
responses were generated for each extraction and the spec-
tral fitting was performed using the XSPEC version 12.7.1
(Arnaud et al. 1996).
4.1 Profiles of temperature and other parameters
To examine the radial dependence of the gas properties, we
computed projected radial temperature and metallicity pro-
files by fitting 0.5−7 keV spectra extracted from elliptical
annuli centred on the centroid of the diffuse emission from
Abell 2390. Each elliptical annulus was taken to have the
major-to-minor axis ratio and position angle as set above
and the radial bin width of each annulus was adjusted so as
to get at least ∼ 6,400 background subtracted counts (S/N∼
80). Source spectra, background spectra, photon-weighted
response files and photon-weighted effective area files were
generated for each of the elliptical annulus using the CIAO
task specextract and was fitted with an absorbed single-
temperature APEC model within XSPEC adopting the χ2-
statistics. Temperature, abundance and normalization pa-
rameters were allowed to vary during the fit, while the fore-
ground column density was fixed at the Galactic value of
NH = 1.07× 10
21 cm−2 (Vikhlinin et al. 2005).
Resulting projected temperature profile derived from this
analysis is shown in Figure 7 (top left) by open stars. This
profile clearly reveals an increase in temperature of the X-
ray emitting gas from a minimum of 6.69 keV to 7.88 keV at
about 20′′. Then it drops to a value of 7.5 keV and remains
constant upto 45′′ shown by red ellipse. It once again show
a rise upto 10.5 keV at 68′′ and again drops to 7.88 keV,
which latter remains roughly constant upto about 150′′. Be-
yond 150′′ temperature again rises to 10.20 keV. Prominent
temperature jumps at 20′′ and 68′′ are highlighted by ver-
tical dotted lines and are probably associated with cold
fronts. Similar trends in the temperature profiles have been
reported in clusters with cooling cores (Gastaldello et al.
2007; Rasmussen et al. 2007; David et al. 2009; Sun et al.
2009; Gitti et al. 2011).
In order to investigate the origin of the constant tempera-
ture seen in the projected temperature profile from ∼ 30′′ to
45′′ highlighted by red ellipse. We created hardness ratio
map by dividing a 1.5-8 keV image by a 0.3-1.5 keV image.
Before division both images were smoothed by a Gaussian
kernel of 10 pixel (5′′ ). The resultant map is shown in Fig-
ure 9. In the figure dark shades are represents regions of low
temperature gas. These regions of cooler gas are extending
towards the north-east and the south-west side of the cluster.
By visual inspection of the hardness ratio map, we selected
most prominent regions marked by blue regions (see Fig-
ure 9). We then excluded these regions and extracted the
spectra from the same annuli and generated the temperature
profile shown by filled square data points in Figure 7 (top
left). As evident from the comparison of the two profiles,
the stage of constant temperature has been removed and the
temperature profile look like cool core clusters. This clearly
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Fig. 7 Top left: Projected radial temperature profile of the X-ray emission extracted from elliptical annuli centred on the cluster centroid
(open stars). The filled magenta squares indicates the projected temperature variation after excluding the cool region from the cluster
environment as seen in the hardness map (Figure 9). In the same figure we also plot the temperature profile of the X-ray emission from
deprojection analysis (shown in filled blue triangles). The metallicity (top right), electron density (bottom left) and entropy profiles (bottom
right) of the diffuse X-ray emission from Abell 2390 are plotted as a function of the radial distance. The dotted vertical lines in these
profiles represent the locations of temperature jumps.
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Fig. 8 Projected radial temperature profiles computed along four different (N, E, S and W) wedge shaped sectors (Figure 3). Widths of
the annuli in each sector were adjusted such as to achieve a S/N ∼80 (6400 counts). The vertical dashed lines represent the locations of
temperature jumps.
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Table 3 Summary of the spectral analysis of the gas extracted from different regions of interest
Regions Best-fit kT Abundance χ2/dof Net Counts
model (keV) (Z⊙)
N - cavity (PHABS*APEC) 7.76+0.60
−0.61 0.48
+0.15
−0.14 135.66/150 = 0.90 3478
S - cavity (PHABS*APEC) 7.67+0.69
−0.68 0.26
+0.13
−0.12 101.21/134 = 0.75 2950
E - cavity (PHABS*APEC) 9.63+1.76
−1.36 0.83
+0.37
−0.35 81.48/78 = 1.04 1510
W - cavity (PHABS*APEC) 7.42+0.74
−0.70 0.51
+0.17
−0.16 106.4/120 = 0.88 2467
NW - cavity (PHABS*APEC) 8.50+4.01
−1.90 1.13
+1.02
−0.92 13.67/18 = 0.91 376
Gas Clump 1 (4.′′17) (PHABS*APEC) 3.70+0.14
−0.14 0.50
+0.08
−0.07 194.84/162 = 1.20 5038
Gas Clump 2 (3.′′40) (PHABS*APEC) 4.88+0.27
−0.25 0.74
+0.14
−0.13 143.56/134 = 1.07 3253
Gas Clump 3 (2.′′77) (PHABS*APEC) 5.21+0.44
−0.37 0.42
+0.15
−0.14 45.07/62 = 0.73 2058
Total Gas Clumps (PHABS*APEC) 4.45+0.16
−0.10 0.53
+0.06
−0.06 224.06/224 = 1.00 10375
SB Edge (PHABS*APEC) 7.13+0.49
−0.46 0.42
+0.10
−0.09 179.08/195 = 0.92 5826
Cluster Diffuse Emission (PHABS*APEC) 8.27+0.09
−0.09 0.33
+0.02
−0.02 527.54/453 = 1.17 178445
Notes: col 1 - regions of interest explored by spectral analysis in the energy range 0.5−7 keV (quantities in the bracket indicate radius), col 2 - best-fit
model, col 3 & 4 - temperature and abundance, respectively, col 5 - goodness of the fit, and col 6 - net X-ray counts extracted from the regions of interest.
indicates that the marked regions must contains low temper-
ature gas. Cool gas excluded profile also confirm the tem-
perature jump at 20′′ and at 68′′ which then remains roughly
constant at 10 keV.
To determine the three-dimensional structure of the ICM
we performed a deprojection analysis of the X-ray photons
extracted from concentric elliptical annuli as above, but in
this case widths of the elliptical annuli were adjusted so as
to achieve S/N∼40. Using the “onion peeling” method of
Blanton et al. (2003), we derive the deprojected tempera-
ture profile. Here, temperature, abundance and normaliza-
tion parameters were first derived for the spectrum extracted
from the outermost annulus by fitting it with an absorbed
APEC model. Then the spectrum from annulus interior to
it was fit by adding one more APEC component to that for
the outer annulus, with fixed temperature and abundance but
normalization scaled to project from the outer to the inner
annulus and the procedure was continued till the centre of
the cluster. Profile of the deprojected temperature is plotted
in the same figure (Figure 7 top left) and is shown by filled
blue triangles. A comparison of the two temperature pro-
files reveal that the deprojected temperature profile roughly
follow the same trend as of the projected analysis. Here a
sharp temperature rise from 6 keV to 13.25 keV is seen at
about 20′′ which then drops to 7 keV indicating towards a
cold front.
To investigate these temperature jumps in further details,
we compute the temperature profiles using the spectral ex-
traction from four different sectors (N, E, S, and W) as used
above for computing the surface brightness profiles. An-
nular regions in each sector were selected so as to have a
minimum of 6400 background subtracted counts (S/N∼80).
Extracted spectra were then treated in the same way as
discussed above in the radial profiles and the results are
shown in Figure 8. Temperature profile derived along the
W-sector shows a monotonic rise from 6.16 keV to 7.16 keV
at 20′′, also temperature jump observed at the location of
SB edge from 7.47 keV to 9.10 keV. Temperature profiles
along the N sector show jump from 6 keV to 9.25 keV at
∼15′′ (54 kpc), along the S sector from 6.3 keV to 8.5 keV
at ∼25′′ (90.5 kpc), along the E sector 6 keV to 10.27 keV
at ∼25′′ (90.5 kpc) and along the W sector from 6.16 keV to
7.16 keV at ∼20′′ (72.4 kpc). These jumps apparent in the
temperature profile along the N, S, E and W sector provide
the clearest indication regarding their association with the
cold fronts. The same locations of jumps in all the profiles,
indicates that cold fronts covers nearly circular region sur-
rounds the BCG. After confirming jumps in the temperature
profiles along the all sectors, we next compute the Mach
number associated with the cold fronts. The Mach number
corresponding to the jump along N sector is 1.54±0.08, S
sector is 1.36±0.11, E sector is 1.69±0.09 and W sector is
1.17±0.10. We got average Mach number as 1.44±0.05.
Whereas, Mach number at SB edge is 1.22±0.06.
The radial metal abundance profile computed for Abell
2390 is shown in Figure 7 (top right). The metal abundance
at the location of temperature jumps (at about 20′′ and 68′′ )
exhibit a small rise, and are consistent with that seen in other
cool core clusters (Allen et al. 1998; Gastaldello et al.
2007; Rasmussen et al. 2007; David et al. 2009; Sun et al.
2009; Pandge et al. 2012, 2013).
At the cluster temperature computed above, the ICM
is hot and nearly fully ionized. Therefore, the surface
brightness distribution can be considered as a tracer of
the electron number density ne. Hence using ne =
ne0
(
1 + ( rrc )
2
)−3β/2
, we compute the electron number
density and its variation in the form of electron density pro-
file which is shown in Figure 7 (bottom left). For this we
used the normalization parameter of the APEC component in
radial temperature profile and assumed ne = 1.2nH , for a
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fully ionized gas with hydrogen and helium mass fractions
of X = 0.7 and Y = 0.28, respectively.
4.2 Entropy Profile
The entropy index of the ICM offers a direct probe to in-
vestigate heating and cooling processes in the central re-
gion of the clusters relative to the individual temperature
and density profiles. Owing to which we also derive the en-
tropy, defined as K = kTn−2/3e , profile of the X-ray emis-
sion distribution from Abell 2390 and is shown in Figure 7
(bottom right). The radial entropy profile derived for Abell
2390 is found to fall systematically in the radially inward
direction. To examine its nature we fit this entropy profile
by a powerlaw model K(r) = K0 + K100(r/100 kpc)α
(Cavagnolo et al. 2009). Here, K0 represents the core ex-
cess entropy or entropy floor above the best-fit powerlaw,
K100 the entropy at 100 kpc, and α the power law index
(∼1.07). The best fit model is shown by the blue dotted
line in this figure with K100 = 204 ± 22.84 keV cm2 and
the entropy floor of K0 = 12.20±2.54keVcm2. Thus, flat-
tening of the mean entropy index towards the central pro-
jected value of 12.20±2.54 keVcm2 indicate towards an in-
termittent heating of the ICM. If cooling of the ICM is
not compensated by heating, the ICM will radiate away
whole of its thermal energy on a timescale of tcool ≤
1.9 Gyr (Hlavacek-Larrondo et al. 2011; Cavagnolo et al.
2009) and the entropy profile will follow the nature shown
by red continuous line in this figure which represent a pure
cooling system. Notice the significant deviation in the cen-
tral region pointing towards the entropy floor at 12.20 ±
2.54 keV cm2.
4.3 Temperature and metallicity maps
To trace the local variations of temperature and metal abun-
dance of the ICM, we create two-dimensional temperature
and abundance maps using the 95 ks Chandra data. To
achieve this, X-ray photons were extracted from maps cre-
ated using the CONTBIN adaptive binning algorithm de-
scribed by Sanders et al. (2006). This algorithm locates
the brightest pixels in the point source removed X-ray im-
age and generates spatial bin around it including all neigh-
bouring pixels with same brightness till the user-defined S/N
threshold is not meet, which then moves outward and repeat
the same exercise. The minimum S/N threshold was set to
60 (∼ 3600 counts). Shape of each of the bin was restricted
such that its length is at most two times of its width. This re-
sulted in a spatially binned image which follows the surface
brightness distribution (Tremblay et al. 2012). 0.5-7 keV
source spectra, corresponding background, and associated
response files were extracted for each of the region. The
source spectra were then grouped to have a minimum of 15
counts in each bin. Each spectrum was then fitted with an
absorbed thermal plasma model APEC, letting the temper-
ature, metallicity and normalization to vary. The resulting
temperature and metallicity maps for Abell 2390 are shown
in Figure 11 and reveals structures in both. The colourbars
in this figure give the best fit temperature and abundance
values in units of keV and Z⊙, respectively. The average
temperature of the ICM on the north-western direction is
statistically lower than that on the south-eastern direction.
The large-scale temperature structure of Abell 2390 reveals
its association with a cool core at the centre, where tempera-
ture drops to just 4 keV relative to its virial value of 10 keV.
Similar structures are also apparent in the metallicity
map. The central abundance in Abell 2390 is roughly
0.54Z⊙ which then decreases with radius until it reaches
∼0.15Z⊙. Regions of enhanced metallicity are seen along
the north and south direction at about 20′′ (72 kpc) on ei-
ther directions. This region is associated with the tempera-
ture jump at 20′′ evident in Figure 7 (top left & top right).
A comparison of the temperature and metallicity maps of
Abell 2390 reveals that the regions of the high ICM tem-
perature corresponds to poor metallicites, and are in good
agreement with those reported by Baldi et al. (2007) and
Vikhlinin et al. (2005). Low metallicity wider regions one
on the north-east and the other on the south-west direction
are evident.
4.4 Cluster Diffuse Emission
To determine the weighted average properties of the diffuse
X-ray emission we extracted and fitted a combined spec-
trum for the total diffuse emission from within an ellipti-
cal region with semi-major axis 120′′ (∼ 434 kpc) region.
We excluded the central 1.′′5 region as well as the regions
of obvious point sources. This yielded a total of 178,445
background-subtracted counts in the energy range between
0.5−7 keV, which were then binned so as to have atleast
40 counts per bin. We initially fitted the spectrum with an
absorbed single temperature APEC model, letting the tem-
perature, abundance and normalization to vary and fixing
the absorption at the Galactic value (Vikhlinin et al. 2005).
The resulting model yielded the best fit average tempera-
ture and abundance equal to kT = 8.27±0.09 keV and Z =
0.33±0.02Z⊙, respectively, where the errors corresponds
to 68% confidence level. This single temperature APEC fit
models the gas adequately at larger radii but gives poor fit
in the inner region below 1 keV. This is indicative of the rel-
atively low temperature gas at the centre of the cluster. To
account for this cooler component, a second thermal compo-
nent was added to the original model with column density
fixed. The two-temperature model provided a significant
improvement in the fit with the best fit temperatures equal
to 9.56+0.25
−0.19 keV and 0.82+0.18−0.08 keV at χ2/dof = 498.86/498.
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Fig. 9 X-ray hardness map created by dividing a 1.5-8.0 keV image by that of 0.3-1.5 keV. Before division, both the images were smoothed
with a Gaussian kernel of 10 pixel (5 arcsec). Dark shades in this figure represent the regions of cool ICM. The significant cool regions
marked by blue sectors were excluded in deriving the temperature profile (Figure 7 top left). Overlaid magenta contours represent the
1.4 GHz VLA L-band radio emission from the radio source associated with the cluster. Notice asymmetry in the radio contours, and its
association with the cool ICM. The edge in the radio emission in the north-west direction is found to coincides with the edge seen in the
X-ray image. Cyan colour regions indicates regions used in sector wise temperature profile.
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Fig. 10 (left panel): 0.5-7 keV cumulative spectrum extracted from the central clumps. Notice the 6.4 keV Fe line feature. (right panel):
Chandra 0.5 -7 keV diffuse spectrum extracted from within the 120 arcsec elliptical region along with the best fit absorbed two temperature
APEC model.
The best fit spectrum is shown in Figure 10 (right panel),
while the resultant parameters are listed in Table 3. We
quantified the unabsorbed X-ray luminosity using the LU-
MIN function equal to LX = 2.68± 0.01×1045 erg s−1.
4.5 Nuclear Point Source
Wavdetect algorithm detected a central X-ray point source
in the cluster that coincides with the optical core of the cD
galaxy as well as the radio source in the 1.4 GHz radio im-
age of VLA. To investigate spectral properties of the nuclear
source associated with Abell 2390, we extracted a 0.5-7 keV
spectrum from within the central 2′′circular region, back-
ground for which was determined locally from an annulus
surrounding the source. The spectrum was initially fitted
with an absorbed power-law, which yielded into an accept-
able fit with photon index Γ ∼ 1.86± 0.06 and χ2/dof =
52.06/50.
We then tried with an additional absorption component
intrinsic to the source, which resulted in a slightly better fit
with χ2/dof = 49.72/49 and photon index Γ ∼ 2.0± 0.11.
This means the central source in Abell 2390, like that in
other AGN cases, hosts sufficiently hard component. The
additional absorbing column density was found to be equal
to 6.87× 1020 cm−2 and is not significantly large relative
to the Galactic value of 1.07× 1021 cm−2 (Vikhlinin et al.
2005). From this thermal plus power-law model we estimate
the unabsorbed 0.3-12 keV flux of the central source equal
to 7.42± 0.54× 10−14 erg cm−2 s−1, and the X-ray lumi-
nosity LX = 1.18± 0.07× 1043 erg s−1.
4.6 Central gas clumps
In order to examine the spectral nature of the hot gas clump-
like substructures apparent in the central region of Abell
2390 (Figure 6), we extract 0.5-7 keV spectra from each
of the clumpy substructure and fit with an absorbed single-
temperature APEC model. The best fit parameters of the
spectra from these three different clumpy regions reveal a
systematic rise in temperature of the gas in clumps 1, 2, 3
(Table 3) with highest temperature 5.21+0.44
−0.37 keV for clump
3. Existence of the gas clumps of systematically increas-
ing temperatures and metallicity in the central region of this
cluster suggests that Abell 2390 has passed through a merger
episode and has not yet fully relaxed. Similar cases have
also been reported in the past (e.g. Abell 262; Blanton et al.
2004). A combined 0.5-7 keV spectrum of the X-ray pho-
tons from all the three clumpy regions was fitted with an
absorbed APEC model is shown in Figure 10 (left panel) and
the best fit parameters are listed in Table 3.
5 Discussion
5.1 Cavity Energetics
X-ray cavities or depressions in the surface brightness distri-
bution are devoid of gas at the local ambient temperature and
are believed to be formed due to the interactions between the
AGN outbursts and the hot ICM. During an AGN outburst,
the jets emanating from the central source do pV work on
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Table 4 X-ray cavity parameters: size, age and energetics
Cavity Parameters E Cavity W Cavity N Cavity S Cavity NW Cavity
R1 (kpc) 25.55 20.01 37.54 34.46 12.88
Rw (kpc) 18.93 16.94 17.81 16.79 09.60
D (kpc) 85.07 39.82 50.68 51.40 94.12
tbuoyancy(yr) 2.87×108 1.04×108 1.09×108 2.89×108 4.73×108
Pcav(erg s−1) 7.10×1044 1.58×1045 2.72×1045 8.6×1044 7.2×1043
Note : R1, Rw - semi-major axes along and perpendicular to the jet direction, respectively, D represents the projected distance from the core to cavity
centre; tbuoyancy - age of the cavities estimated using buoyancy rise; and Pcav - cavity power using buoyancy age.
the surrounding ICM, inflate cavities which then rises buoy-
antly in the plane of the sky. Thus, it is possible to quantify
the amount of mechanical energy that has been injected by
the jets into the ICM from the analysis of the X-ray cavities
(Bıˆrzan et al. 2004; Rafferty et al. 2006). In other words,
the X-ray cavities act as a calorimeter to estimate the me-
chanical power injected by the AGN in to the ICM without
requiring radio observations of the central source.
Systematic analysis of the 95 ks Chandra data on Abell
2390 enabled us to detect a total of five X-ray cavities in
the central 30′′ region. Assuming that each cavity takes
spheroidal or oblate sphere geometry with its minor axis in
the plane of the sky and filled with the material of negligible
mass (Randall et al. 2011), we estimate power of the cavi-
ties (Pcav) as the ratio of the energy contained by the cavi-
ties to their ages. The amount of energy required to inflate
a cavity with pressure p and volume V is its enthalpy and
is defined as sum of the internal energy E of the cavity and
work done (pV ) by the jet to displace the X-ray emitting
gas while it inflates the radio lobes i.e.,
Ecav = H = E + pV =
γ
γ − 1
pV, (1)
where γ is the mean adiabatic index of the fluid within
the bubble and for the case of non-relativistic plasma it is
5/3. For non-relativistic content the total cavity energy is
Ecav = 2.5pV (McNamara & Nulsen 2007).
The gas pressure p of the surrounding ICM and volume
V of the cavities were estimated directly from the analy-
sis of the high resolution X-ray data (see Rafferty et al.
2006). Accuracy of the power estimation rely on the un-
certainties in the measurement of volume of the X-ray cavi-
ties. As volume measurement is generally done by the vi-
sual inspection of the cavities in the X-ray image, there-
fore, is prone to systematic errors and is highly dependent
on the quality of the X-ray data. The projection effect is
also important in determining the spatial geometry of the
cavities. As a result, volumes of the cavities measured by
different observers may vary significantly due to their dif-
ferent approaches (Gitti et al. 2010) and hence may lead to
the inaccurate estimation of the cavity power. To overcome
these uncertainties, we estimate the cavity size from the sur-
face brightness profile of the central region of the cluster.
The extents of the cavities were measured from the decre-
ments in the surface brightness profiles extracted from dif-
ferent sectors (Figure 1 right panel). The resulting profiles
show dip at the location of the cavity. X-ray cavities are
assumed to be prolate ellipsoids. Volume of each of the cav-
ity was estimated as V = 4piR1R2w/3, where R1 and Rw
are the projected semi-major axes along and perpendicular
to the jet direction, respectively. Locations and distances
of cavities were measured using the unsharp mask image.
Our estimates of cavity volumes are 3.68×1069 cm3, 2.35×
1069 cm3, 4.85×1069 cm3, 3.96× 1069 cm3, and 4.83×1068
cm3, respectively, for the E, W, N, S and NW cavities. The
temperature, density and pressure of the ICM surrounding
the cavities (p = 1.92nekT ) were taken from the projected
radial profiles of the temperature and electron density com-
puted above at the radial distances corresponding to the cen-
tre of the cavities. Table 4 summarizes the cavity properties
and their derived energetics.
Then the rate at which energy is injected into the ICM
by the central AGN was computed by dividing the cavity
energy by the bubble age as
Pcavity ≈
Etotal
tage
, (2)
Here age of the cavity was estimated using the buoyancy
rise method (Churazov et al. 2001). The buoyancy rise time
is the time taken by the cavity to reach its terminal velocity,
which depends on the drag forces. In the case of clearly de-
tached cavities, the buoyancy rise method provides the better
estimate of the cavity age and is given by
tbuoyancy ≈ R
√
ACD
2gV
Here, R is the projected distance from the centre of the
cavity to the X-ray centroid of the ICM, A = pi × R2w is the
cross-sectional area of the cavity, CD = 0.75 is the drag
coefficient (Churazov et al. 2001), and g = 2σ2/R is the
local gravitational acceleration. Our estimates of the age of
the cavities using the buoyancy rise method listed in Table 4
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were used to quantify their power content. The net power
supplied by the central AGN in the form of the mechani-
cal energy is found to be equal to 5.94×1045 erg s−1 and is
lower than 1.0+1.0
−0.9× 10
46 erg s−1 reported by Russell et al.
(2013) and Hlavacek-Larrondo et al. (2011). The total me-
chanical power content of the Abell 2390 is higher than that
estimated in several other systems (e.g. NGC 6338, Abell
1991, IRAS 09104+4109, RBS 797, HCG 62, ZwCl 2701,
Abell 262 etc.) and therefore is an important candidate
for its detailed investigation. This estimate may even en-
hance by several factors if we include the power due to the
cold fronts and other features apparent in this system (e.g.
Fabian et al. 2003, 2006; Forman et al. 2005). Thus, the
cavity power estimation using the X-ray analysis provides a
lower limit to the true mechanical power of the AGN, i.e.
the true jet power Pjet ≥ Pcav = Ecav/tage. Our es-
timate of the total mechanical power for all the five cavi-
ties Pcav = Lmech = 5.94× 1045 erg s−1 and is roughly
higher by a factor of ∼ 14 than the cooling luminosity
Lcool= 4.04± 0.03× 10
44 erg s−1 within the cooling ra-
dius.
5.2 Comparison with the radio data
X-ray cavities in the ICM are thought to be inflated by ra-
dio jets originating from the AGN, that rise buoyantly until
they reach density equilibrium with the surrounding ICM.
Therefore, with an objective to examine association of the
core of the Abell 2390 with a radio source, we make use of
the 1.4 GHz VLA L-band radio data available in the NRAO
Science Data Archive. The diffuse radio emission contours
at 1.4 GHz from Abell 2390 from their analysis are over-
laid on the 0.5-3 keV Chandra unsharp mask image (Fig-
ure 12). The radio emission morphology exhibits a complex
nature that nearly match with the X-ray. The strongest ra-
dio source at the centre coincides with the cluster dominant
cD galaxy PGC 140982, while the diffuse radio emission at
1.4 GHz is found to cover all the detected X-ray cavities.
Though, its morphology is highly asymmetric. The radio
emission also exhibits a sharp edge on the south-east direc-
tion, while another more complex edge on the north-west
direction due to several discrete radio sources is evident in
this figure (Bacchi et al. 2003). This complex edge in radio
emission is found to coincide with the X-ray edge evident
in the Chandra unsharp mask image (Figure 12). The ex-
tended 1.4 GHz diffuse radio emission along the north-west
and the south-east directions exhibit its spatial association
with the cool ICM evident in the temperature map (Fig-
ure 11 left panel). Association of the strong radio source
with the cooling flow cluster Abell 2390 suggest that this
cluster falls in the class of the radio mini-halo and is simi-
lar in size to that of the Perseus cluster (Burns et al. 1992).
Non-spherical and more irregular morphology of diffuse ra-
dio emission from Abell 2390 is similar to that seen in the
mini-halo of A2626 (Gitti et al. 2004). We also plot the ra-
dio emission contours at 4.8 GHz (blue) and 8.4 GHz (cyan)
from the VLA data in the same figure. Emission at higher
frequencies appears to be confined only to the central ∼
20′′ region.
5.3 ICM heating by the AGN feedback
Radiative cooling of the ICM can be estimated by measur-
ing X-ray luminosity of the hot gas within cooling radius of
a cluster. In the present case for Abell 2390 it is found to be
equal to Lcool = 4.04± 0.03× 1044 erg s−1 correspond-
ing to the radius of 60.91 kpc and cooling time of 1.9 Gyr
(Hlavacek-Larrondo et al. 2011). This means, in the ab-
sence of heating source, the cluster ICM would have radi-
ated away all of its thermal energy over the time less than
age of the cluster. However, estimate of the X-ray luminos-
ity using deep X-ray data required some heating, e.g. AGN
feedback, to make up for the power radiated from within
this region in order to suppress cooling. This means, to
balance the radiative cooling, the average energy input by
the AGN outburst must be of the order or higher than the
rate of radiative cooling. To examine efficiency of the AGN
feedback, estimated mechanical power injected by the AGN
from X-ray cavity analysis. Pcav was compared with that of
the radiative loss (Lcool).
For the case of Abell 2390, we estimate the total X-ray
cavity power of the central radio source to be Pcav ∼ 5.94×
1045 erg s−1 and has cavity enthalpy inexcess with that of
the radiated power within cooling radius Lcool(< rcool) ∼
4.04× 1044 erg s−1 by almost an order of magnitude. To
further elucidate this balance between the two, we make use
of the Figure 6 by Rafferty et al. (2006), where they plot the
AGN power against the total radiative luminosity of the ICM
within cooling radius (Figure 13 left panel). The diagonal
lines in this plot indicate their equivalence (Pcavity = Lcool)
at 1pV , 4pV and 16pV of total enthalpy (from top to bot-
tom, respectively). Filled black symbols indicate data points
for the cluster sample from Cavagnolo et al. (2010), while
that indicated by filled square is for A1991 (Pandge et al.
2013). Error bars indicate the 1σ uncertainties in the cavity
power estimation. We also plot position of Abell 2390 in
the same figure so as to check the balance between the two
(filled triangle) and is found to occupy the position above the
1pV line. This means, mechanical power fed by the central
AGN associated with Abell 2390 is sufficiently large to in-
flate the cavities and to balance cooling of the ICM without
requiring any additional contribution from the energy avail-
able with the relativistic particles and the magnetic field of
the radio jets.
Bıˆrzan et al. (2012) demonstrate that every massive
cooling flow cluster with X-ray cavities hosts a radio source
at its core with a radio luminosity greater than 2.5× 1030
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Fig. 11 Temperature (left panel) and metallicity (right panel) maps computed by grouping regions of similar surface brightness using the
contour binning method. Temperature of the ICM on the south-east direction is statistically higher than that in the north-west direction.
The temperature jumps at central 20′′ apparent in circular regions could be due to the cold fronts. Metallicity map reveals structures, such
that metallicity on the north-west direction is relatively high compared to that on the south-east direction.
erg s−1 Hz−1. Following this, we explored the availability
of radio data on this system and found that Abell 2390 is as-
sociated with a radio source of flux 235.3 mJy at 1.4 GHz
(Condon et al. 1998; Voigt & Fabian 2004). The radio
power of the central source associated with Abell 2390 was
calculated using the relation (Cavagnolo et al. 2010)
Pν0 = 4piD
2
LSν0ν0(1 + z)
α−1, (3)
where DL, Sν0 , z and α represent the luminosity distance,
flux density at frequency ν0, redshift and the radio spectral
index (assuming Sν ∼ ν−α), respectively. This lead to the
radio power at 1.4 GHz equal to ∼ 5.01× 1041 erg s−1.
Thus, Abell 2390 meets the requirement of Bıˆrzan et al.
(2012) and therefore increases the possibility of cavity heat-
ing of the ICM. We used this to confirm the balance be-
tween the two by plotting the mechanical power of cavi-
ties from X-ray study against the 1.4 GHz radio power of
the central radio source as suggested by Cavagnolo et al.
(2010) and is shown in Figure 13 (right panel). The long
dashed red line in this figure represents the best fit relation
obtained by Cavagnolo et al. (2010) for a sample of giant
ellipticals (gEs) with upper and lower limits shown by the
short dashed blue lines. In this plot Abell 2390 is found
to occupy position much above the best-fit line obtained by
Cavagnolo et al. (2010), implying that our estimate of me-
chanical power using the X-ray data requires a much pow-
erful radio source to meet the balance. Our estimate of the
cavity power (Pcav ∼ 5.94× 1045 erg s−1) matches within
error with that (Pcav ∼ 1.0±1.0 × 1046 erg s−1) reported
by Russell et al. (2013). The measured values of radio flux
densities at 1.4 GHz leads to the radio power equal to ∼
5.01× 1041 erg s−1 with a ratio of the two powers (P1.4GHz
/ Pcav) equal to ∼ 10−4, which is lower compared to the
theoretical range of 10−1 - 10−2 obtained by Bicknell et al.
(1997) as well as the reported values by Cavagnolo et al.
(2010) and O’Sullivan et al. (2011). This lower value is
probably due to the uncertainties in the estimation of vol-
ume of the X-ray cavities. As volume measurement is car-
ried out by the visual inspection of the cavities in the X-ray
image, therefore, is prone to systematic errors. According
to Bıˆrzan et al. (2008) volume estimation as well as radio
emission is also less sensitive to projection effect. If we con-
sider total radio power over the frequency range 10 MHz
to 10 GHz (∼ 3.67× 1042 erg s−1), this ratio turns out to
be ∼ 10−3. Similar values of the ratio of the two power
estimates have also been reported for few other cases e.g.
NGC 4636 (Baldi et al. 2009), HCG 62 (Gitti et al. 2010)
and few other sources (Bıˆrzan et al. 2008), where the me-
chanical power estimated from cavity analysis is found to
exceed by about 4 orders of magnitude compared with the
radio power. Gitti et al. (2010) for the case of HCG 62,
where P1.4GHz / Pcav ∼ 10−4, have demonstrated that the
synchrotron radio luminosity can not be taken as a reliable
gauge of the total mechanical power of the AGN outburst.
This is because the radio sources may be very poor, time-
variable radiators or may fade with time. Another possi-
bility is that the radio source associated with Abell 2390 is
sufficiently powerful, whose power compares with that of
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Fig. 12 1.4 GHz VLA L-band radio contours (white) overlaid on 0.5−3 keV Chandra unsharp-masked image of Abell 2390. The diffuse
radio emission map at 1.4 GHz exhibits highly irregular and asymmetric morphology of the central radio source with an elongation in the
cavity direction. The extension along the north-west and north-east direction is associated with the relatively cool gas in the temperature
map. The complex edge seen in radio emission along the north-west direction is found to be associated with the X-ray edge in the Chandra
unsharp mask image. We also plot the radio contours at 4.8 GHz (blue) and 8.4 GHz (cyan) using the VLA data in the same figure, and are
to be confined to the central 2′′ region only. The beam size at 1.4 GHz is 14.36 × 14.36 arcsec and the rms noise is 126 µJy beam−1. The
logarithmically spaced L-band radio contours are at 0.44, 0.87, 2.24, 6.58, 20.30, 63.67 and 200.84 mJy beam−1.
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Fig. 13 (left): Corelation between the cavity power Pcav versus the X-ray luminosity of the ICM from within the cooling region (Lcool).
The cavity power is estimated assuming the 4pV of the energy per cavity and their buoyancy rise time. The diagonal lines indicate their
equivalence (Pcav = Lcool) at 1pV , 4pV and 16pV , respectively, from top to bottom. Filled black symbols represent data points for the
cluster sample of Cavagnolo et al. (2010), while the filled square denote Abell 1991 from (Pandge et al. 2013). The filled blue triangle
represent the balance between the two for the case of Abell 2390. Error bars are at 1σ uncertainties in cavity power estimation. (right):
Comparison between the cavity power (Pcav) versus 1.4 GHz radio power (P1.4GHz) for the sample studied by Cavagnolo et al. (2010).
The red long dashed line represent the best fit relation for their sample of giant ellipticals (gEs) with the upper and lower limits shown by
the short dashed blue lines. Abell 2390 occupies a position above the best-fit line by Cavagnolo et al. (2010).
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Cygnus A, however, the denser environment of the cluster
does not allow us to envisage the symmetrically placed lobes
on either sides of the nucleus.
Another convincing probe for the AGN heating was pro-
vided by the nature of the entropy profile in central region
of Abell 2390. The radial entropy profile derived for Abell
2390 falls systematically in the radially inward direction
with a floor at 12.20±2.54keV cm2 in the core region. If
the cooling of the ICM is not compensated by the AGN
heating, it would have radiated away whole of its thermal
energy on the Hubble timescale and hence entropy would
have collapsed to a very low value. However, the flatten-
ing of the entropy index towards the central projected value
of 12.20±2.54keV cm2 strongly point towards an inter-
mittent heating of the ICM by the strong AGN feedback
(Soker et al. 2005).
Rawle et al. (2012) using the Spitzer and Herschel data
estimate the star formation rate in the core of this system to
be equal to ∼ 9 M⊙/yr. However, this estimate is signif-
icantly smaller than that expected by the standard cooling
flow model, implying that the AGN is regulating it through
the feedback process. They also found a strong correlation
between the infrared luminosity and the cluster X-ray gas
cooling time, suggesting that the star formation in this sys-
tem is strongly influenced by the cluster-scale cooling pro-
cess. Thus, all the attempts made here to relate the jet/cavity
power with the X-ray/radio luminosity imply that the AGN
outburst from the core of the Abell 2390 is capable enough
to quench the cooling and also to carve the morphology of
the ICM.
6 Conclusions
In this paper we have presented systematic analysis of 95 ks
high resolution Chandra data on a cooling flow cluster Abell
2390 with an objective to investigate properties of the X-ray
cavities apparent in the surface brightness distribution. 1.4
GHz VLA L-band data reveals an association of a strong
radio source with the cD galaxy PGC 140982 at the core of
this cluster. Comparison of the X-ray and radio data exhibit
a strong interplay between the central radio source and the
ICM, indicating that the cool core cluster Abel 2390 is an
important source to investigate the AGN feedback. Main
results from this study are summarized below:
• Our morphological analysis using a total of 95 ks Chan-
dra data confirms the presence of a pair of X-ray cavi-
ties predicated by Allen et al. (2001) and Vikhlinin et al.
(2005). Additionally, this study has detected three more
X-ray cavities in the central 30′′ region. The presence of
these cavities have been confirmed by a variety of im-
age processing techniques i.e., unsharp mask image, 2D
elliptical-β model subtracted residual image as well as by
the surface brightness profiles derived along four different
sectors.
• Projected radial temperature profile reveals a positive
temperature gradient in the central region, like those seen
in several other cooling flow clusters.
• Temperature profiles derived along the four different
wedge-shaped sectors revealed temperature jump in the
all directions at a projected distance of ∼25′′ and another
jump from 7.47 keV to 9.10 keV in the west direction at a
projected distance of 68′′ (246 kpc). These jumps in tem-
perature are due to the cold fronts and their corresponding
Mach numbers are 1.44±0.05 and 1.22±0.06.
• Tricolour map as well as hardness ratio map detects cool
gas clumps in the central 30 kpc region of temperature
4.45+0.16
−0.10 keV. The cooler gas has a remarkable impact on
the radial temperature profile of the cluster. After remov-
ing the contribution of the cool gas, Abell 2390’s temper-
ature profile is consistent with the form observed in other
cool core galaxy clusters.
• The entropy profile derived from the X-ray analysis is
found to fall systematically inward in a power-law fash-
ion and exhibits a floor near 12.20±2.54 keV cm2 in the
central region. This flattening of the entropy profile in the
core region confirms the intermittent heating at the centre
by AGN.
• The diffuse radio emission map at 1.4 GHz using VLA L-
band data exhibits highly asymmetric morphology with
an edge in the north-west direction coinciding with the
X-ray edge seen in the unsharp mask image.
• The mechanical power injected by the AGN in the form
of X-ray cavities is found to be 5.94×1045 erg s−1 and is
roughly an order of magnitude higher than the energy lost
by the ICM in the form of X-ray emission, confirming that
AGN feedback is capable enough to quench the cooling
flow in this cluster.
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